In the framework of the large extra dimensions (LED) model, we investigate the effects induced by the Kaluza-Klein gravitons up to the QCD next-to-leading order (NLO) on the W -pair production followed by a subsequential W -decay at the CERN LHC. We depict the regions in the L − M S parameter space where the LED effect can and cannot be observed from the analyses of the pp
I. Introduction
Motivated by the theoretical problems in the standard model (SM), many extended models beyond the SM have been established. Among them the large extra dimensions (LED) model proposed by Arkani-Hamed, Dimopoulos, and Dvali in Ref. [1] may be one of the promising models which can solve the long-standing mass hierarchy problem. This model used the idea of extra dimensions to bring gravity effects from the Plank scale down to the electroweak scale.
In the LED model, the spacetime dimension is D = 4 + δ with δ being the dimension of extra space, where the gravity and gauge interactions are unified at one fundamental scale M S ∼ T eV (the order of the electroweak scale). The graviton propagates in the D-dimensional spacetime, while the SM particles exist only in the usual (3 + 1)-dimensions.
Taking into account of the bad behavior of quantum gravity in the ultraviolet (UV) region, it is expedient to construct a low-energy effective theory to describe the gravity-gauge-matter system in the current (3+1)-dimensional spacetime. In the phenomenological sense, this can be achieved through the Kaluza-Klein (KK) reduction in the brane-world scenario [2] . After applying this treatment to the LED model, a D-dimensional massless graviton can be perceived as a tower of massive KK modes propagating in the (3+1)-dimensional spacetime. It turns out that the weakness of gravitational coupling to the SM particles, suppressed by M P (the reduced
), can be compensated by summing over numerous KK states. This scenario can result in distinct effects at the high-energy colliders [3] . Up to now, many studies on the virtual KK graviton effects up to the QCD next-to-leading order (NLO) in the LED model have emerged. These include the processes of fermion-pair, multijet, and vector-bosonpair production [4, 5, 6] . In Ref. [7] the CMS Collaboration has performed a search for LED in the diphoton final state events at the √ s = 7 T eV LHC with an integrated luminosity of 36 pb −1 . They set lower limits on the cutoff scale M S in the range 1.6 − 2.3 T eV at the 95% confidence level. The dijet angular distribution results from the CMS and ATLAS experiments appeared in Ref. [8] and provide even stronger limits on M S , i.e., M S > 3.4 T eV (CMS) and M S > 3.2 T eV (ATLAS). Recently, the production of a W -pair at hadronic colliders in the LED model has been studied up to the QCD NLO by Neelima Agarwal, et al [9] .
In this paper, we revisit the NLO QCD corrections to the W -pair production process at the LHC in the framework of the LED model, and improve upon the results of Ref. [9] by including the effects of top-quark mass and the contribution from the bb-fusion channel. We provide the LED effect discovery and exclusion regions, the kinematical distributions up to NLO in QCD by taking into account the subsequential W -boson leptonic decay. The rest of the paper is organized as follows. In Sec. II, we briefly go into the related Feynman rules in the LED model.
In Sec. III, the leading-order(LO) cross section for the pp → W + W − + X process is described.
In Sec. IV, we calculate the NLO QCD corrections. In Sec. V, we present the numerical results for the LO and NLO QCD corrected integrated cross section for the W -pair production process and the distributions of final W -boson decay products. Finally, a short summary is given.
II. Related theories
The LED model consists of the pure gravity sector and the SM sector. In this model the manifold, in which gravity propagates, is not the ordinary four-dimensional spacetime manifold R 4 , but
where M is a compact manifold of dimension δ. For simplicity, one can tentatively assume that M is a δ-torus with radius R and volume V δ = (2πR) δ without loss of physical significance.
In our work we use the de Donder gauge. The Feynman rules for the propagator of the spin-2 KK graviton and the relevant vertices which we use are listed below. There G µν KK , ψ, W ±µ ,
A aµ , and η a represent the fields of the graviton, quark, W -boson, gluon, and SU (3) ghost, respectively.
• spin-2 KK graviton propagator after summation over KK states :
where g s is the strong coupling constant, T a and f abc are SU(3) generators and structure con- 
and
The integral I(Λ/ √ s) contains an ultraviolet cutoff Λ on the KK modes [2, 3] . In this work we set it to be the fundamental scale M S . It should be understood that a point y = 1 has been removed from the integration path. Besides, all the momenta are assumed to be incoming to the vertices, except that the fermionic momenta are set to be along the fermion flow directions.
The coefficients A µν , B µναβ , C ρσµµαβ , D µνρσλδ , and E µνρσ (k 1 , k 2 ) are expressed as
We code programmatically the related Feynman rules in the FeynArts 3.5 package [10] to generate the Feynman diagrams and the relevant amplitudes. The FormCalc 5.4 [11] package is implemented subsequently to simplify the amplitudes.
III. LO cross section for
We treat the up-, down-, charm-, strange-, and bottom-quark as massless particles, and adopt the five-flavor scheme in the leading order and QCD next-to-leading order calculations. The LO contribution to the parent process pp → W + W − + X includes the quark-antiquark (q = u, d, s, c, b)
annihilations and the gluon-gluon fusion partonic processes: 
where N is the number of colors. 
where
are presented in Eqs. (9)- (12) of Ref. [9] . Then the LO cross sections for the unpolarized W -pair production processes at the partonic level can be expressed asσ
where p is the momentum of one initial parton in center-of-mass system (c.m.s.) and dΓ 2 is the two-body phase space element expressed as
By convolutingσ LO ij with the parton distribution functions (PDFs) of the colliding protons, the LO cross section for the parent process, pp → W + W − + X , can be written as
ij=uū,dd,ss
where G i/P (i = g, q,q) represent the PDFs of parton i in proton P , µ f is the factorization
s, x A and x B describe the momentum fractions of parton (gluon or quark)
in protons A and B, respectively.
IV. NLO QCD corrections
The complete NLO QCD correction to the parent process pp → W + W − + X consists of following components.
(1) The virtual contribution from the QCD one-loop and the corresponding counterterm diagrams to the partonic channels→ W + W − and gg → W + W − . (2) The contribution of the real gluon emission partonic processes. (3) The contribution of the real light-(anti)quark emission partonic processes. And (4) the corresponding contribution of the PDF counterterms. There inevitably exist the ultraviolet (UV) and infrared (IR) divergences in the NLO calculations, and we adopt the dimensional regularization scheme in n = 4 − 2ǫ dimensions to isolate and manipulate these divergences.
A. Virtual corrections
The Feynman diagrams for the virtual corrections to the→ W + W − and gg → W + W − partonic processes are shown in Fig.3 and Fig 
In the modified minimal subtraction (M S) renormalization scheme the renormalization constants for the massless quarks are expressed as
To remove the UV and IR divergences in the bb-fusion subprocess, we need introduce the counterterms for the top-quark field and its mass, i.e.,
We use the on-mass-shell scheme to renormalize the top-quark field and mass. They are expressed as
In the above equations µ r is the renormalization scale,
corresponds to the six flavor quarks (u, d, c, s, t, b), whereas n IR f = 5 is the number of
ǫ IR refer to the UV and IR divergences, respectively.
Then the results for the differential cross sections for theannihilation and gg fusion partonic channels are UV finite but soft/collinear IR divergent. The soft/collinear IR singularities can be canceled by adding the contributions of the real emission partonic processes and the corresponding PDF counterterms.
B. Real gluon emission Figure 3 : The QCD one-loop Feynman diagrams for the partonic process→ W + W − . (1)- (6) are the SM-like diagrams. (7)- (10) are the diagrams with KK graviton exchange.
The real gluon emission contributions are from g(
) partonic processes. The corresponding Feynman diagrams are shown in Fig.5 and Fig.6 , respectively. We employ the two cutoff phase space slicing (TCPSS) method [12] to calculate the contributions from the real gluon emission partonic processes. An arbitrary soft cutoff δ s is introduced to separate the gluon emission subprocess phase space into two regions, soft gluon and hard gluon regions. Furthermore, another cutoff δ c is introduced to decompose the real hard gluon emission phase space region into hard collinear (HC) and hard noncollinear (HC) regions. The partonic differential cross section for the real gluon emission subprocess can be expressed as Considering the fact that (9) are the extra diagrams with KK graviton exchange.
( antibottom emissions, and adopt the five-flavor PDFs [13] . We depict the Feynman diagrams for the partonic processes qg → W + W − + q andqg → W + W − +q in Fig.7 . These partonic processes contain only the initial state collinear singularities. By using the TCPSS method described above, we can split the phase space into collinear and noncollinear regions. The differential cross sections for the partonic processes qg → W + W − q andqg → W + W −q can then be expressed as
where dσ C q and dσ C q are finite and can be evaluated by using the general Monte Carlo method.
D. NLO QCD corrections to the pp → W + W − + X process Combining the renormalized virtual corrections and the real gluon/light-(anti)quark emission contributions, the partonic cross sections still contain the collinear divergence, which can be absorbed into the redefinition of the PDFs at the NLO according to the mass factorization [14] .
We find that after the summation of all the NLO QCD corrections, the soft and collinear IR divergences vanish. We can see from above discussion that the final total O(α s ) corrections consist of the two-body term σ (2) and the three-body term σ (3) . The total cross section up to the QCD NLO is expressed as
It is UV finite, IR safe, and cutoff δ c /δ s independent [12, 15] , which will further be checked in the numerical evaluations.
V. Numerical results and discussions
In this section, we present the numerical results of the integrated cross sections and the kinematic distributions of the final particles for the pp → W + W − + X process in both the SM and LED Table 1 , we list our numerical results of the LO and NLO QCD corrected integrated cross sections in the SM for the pp → W + W − +X process by taking the input parameters, PDFs, and event selection criterion from Table 4 of Ref. [16] . It shows that our LO and NLO QCD corrected cross sections in the SM are in good agreement with those in Ref. [16] within the integration errors.
LHC
Ref (ii) The UV and IR safeties are verified numerically after combining all the contributions at the QCD NLO.
(iii) We calculate the NLO QCD corrections to integrated cross section for the pp → uū → W + W − + X process as functions of the cutoff δ s at the √ s = 14 T eV LHC in the LED model, where we take µ f = µ r = µ 0 = m W , M S = 3.5 T eV , δ = 3 and δ c = δ s /50. Some of the results are listed in Table 2 . It is shown clearly that the NLO QCD correction (∆σ LED N LO )
does not depend on the arbitrarily chosen values of δ s and δ c within the calculation errors.
In the further numerical calculations, we fix δ s = 10 −3 and δ c = δ s /50. 13.26(6) 7 × 10 −5
13.25(6) 4 × 10 −5
13.27(6) 2 × 10 −5
13.26(7) Table 2 : The dependence of the NLO QCD correction to the integrated cross section for the process pp → uū → W + W − + X at the √ s = 14 T eV LHC in the LED model, where we set
√ s = 14 T eV LHC, where we set all the quarks being massless except m t = 172.0 GeV , and take the PDFs and event selection criterion from Ref. [9] . We plot our LO and NLO QCD corrected results in the SM in Fig.8(a) , and the results in the LED model in Fig.8(b) .
In these two figures we depict also the corresponding curves from N. Agarwal's paper [9] for comparison. We can see that there exist obvious discrepancies between ours and the In the following calculations we take one-loop and two-loop running α s in the LO and QCD NLO calculations, respectively [17] . The QCD parameters are taken as Λ LO The LO and NLO QCD corrected distributions of the W -pair invariant mass and the cor-
) for the process pp → W + W − + X in the SM and LED model at the early and future LHC, are shown in Figs.11(a) and (b) , separately.
There the results are for M S = 3.5 T eV , µ = m W , at a fixed value 3 for the number of extra It is clear that if the deviation of the cross section from the SM prediction is large enough, the LED effect including the NLO QCD corrections can be found. We assume that the LED effect can and cannot be observed, only if
respectively. In Figs.12(a,b) , we present the discovery and exclusion regions in the luminosityfundamental scale space (L − M S ) for the pp → W + W − + X process with δ = 3. Figure. 12 (a) is for the √ s = 7 T eV LHC and Fig.12(b) for the √ s = 14 T eV LHC, where the LED effect can and cannot be observed in the dark and gray-region, separately. We list some typical data which are read out from Figs.12(a,b) in Table 3 . There the discovery and exclusion fundamental scale M S values at the early and future LHC are presented. It shows that by using the W -boson pair production events we could set an exclusion limit on the cutoff scale M S to be 1.80 T eV at the 95% confidence level at the √ s = 7 T eV LHC with an integrated luminosity of 36 (pb) −1 . This is in the M S lower limit range of 1.6 ∼ 2.3 T eV obtained experimentally by the CMS using the diphoton final state data samples [7] . 
as 21.32% [17] , L = 300 f b −1 , and take the number of the extra dimensions δ = 3, the constraints of M W W > 400 GeV , p l T > p cut T,l = 100 GeV , and the jet event selection criterion as declared above. We show the discovery and exclusion regions in the L − M S space for the processes Table 4 . We can see from the table that by using pp
processes with the constraints of
GeV , and our chosen jet event selection criterion, we could get exclusion lower limit on M S as 2.19 T eV at the 95% confidence level at the √ s = 7 T eV LHC with an integrated luminosity of 36 (pb) −1 , which is larger than that obtained by analyzing the W -pair production events as described above.
We depict the LED discovery and exclusion regions in the M S − p cut T,l space for the processes as 21.32%, where Fig.14(a) and Fig.14(b) are for the √ s = 7 T eV and √ s = 14 T eV LHC 
processes in the L − M S space for the pp → W + W − → W ± l ∓ (−) ν l +X (ℓ = e, µ) processes with the constraints of M W W > 400 GeV and p l T > p cut T,l = 100 GeV : at the √ s = 7 T eV LHC and at the √ s = 14 T eV LHC.
respectively. The dark and gray-regions represent the parameter regions where the LED effect can and cannot be observed, separately, with the constraints of p T,l > p cut T,l and the W -pair invariant mass M W W > 400 GeV . Some representative data are listed in Table 5 for the discovery and exclusion fundamental scale M S values with different p cut T,l values at the √ s = 7 T eV and √ s = 14 T eV LHC as shown in Figs.14(a,b) . We can see that in the case where we fix the integral luminosity (e.g. L = 300 f b −1 ), we could improve slightly the low limit on M S if we adopt a larger lower cut on lepton transverse momentum (p cut T,l ). 
VI. Summary
We calculate the NLO QCD corrections to the pp → W + W − → W ± l ∓ to the W -pair production make it possible to precisely test the T eV quantum gravity in the LED scenario at the LHC.
